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ABSTRACT:Thevoltage-gatedprotonchannel(Hv1)playsanessentfialrolefinnumerous
bfiologficalprocesses,butadetafiledmolecularunderstandfingofffitsffunctfionfislackfing.Thelack
offrelfiablestructuresffortheopenandrestfingstatesfisamajorhandficap.Severalmodelshave
beenbufiltbasedonhomologousvoltagesensorsandthestructureoffachfimerabetweenthe
mousehomologueandaphosphatasevoltagesensor,butthefirvalfidfityfisuncertafin.In
addfitfion,dfifferfingvfiewsexfistregardfingthemodeoffprotontranslocatfion,theroleoffspecfific
resfidues,andthemechanfismoffpHeffectsonvoltagegatfing.Hereweuseclassficalproton
hoppfingsfimulatfionsunderavoltagebfiasfingfforcetoevaluatesomeofftheproposedstructural
models andexplorethemechanfism offprotonconductfion.Paradoxfically,somemodels
proposedffortheclosedstateallowfforprotonpermeatfionmoreeasfilythanmodelsfforthe
openstate.AnopenstatemodelwfithaD112−R211saltbrfidge(R3D)allowsproton
transportmoreeasfilythanmodelswfithaD112−R208saltbrfidge(R2D).However,fits
permeatfionrateseemstoohfigh,consfiderfingexperfimentalconductances.Inallcases,the
protonpermeatesthroughawaterwfire,bypassfingthesalt-brfidgedD112ratherthanbefingshuttledbyD112.Attemptstoprotonate
D112arerejectedduetofitsstrongfinteractfionwfithanargfinfine.Consfistentwfithprotonselectfivfity,noNa+permeatfionwasobserved
fintheR2Dmodels.Asanegatfivecontrol,sfimulatfionswfiththeKv1.2−Kv2.1paddle-chfimeravoltagesensor,whfichfisnotexpectedto
conductprotons,dfidnotshowprotonpermeatfionunderthesamecondfitfions.Hydrogenbondconnectfivfitygraphsshowa
constrfictfionatD112,butcannotdfiscrfimfinatebetweenopenandclosedstates.

■INTRODUCTION
Thehumanvoltage-gatedprotonchannel(Hv1)hasfimportant
physfiologficalroles,suchasacfidextrusfion,pHregulatfionfinthe
afirwayepfithelfium,hfistamfinereleasebybasophfils,Bcellreceptor
sfignalfing,andspermmobfilfity.1Itfishomologoustovoltage
sensordomafins(VSD)offpotassfiumorsodfiumchannels,but
wfithlowsequencefidentfity.2,3Offfits273resfidues,1−80are
cytoplasmfic,95−220makeffourtransmembranehelficesnamed
S1−S4,and221−273fformacofiled-cofildomafin,whfichmedfiates
fitsdfimerfizatfion,4althoughfitcanalsoffunctfionasamonomer.5,6

Thechannelopensuponmembranedepolarfizatfion,wfiththe
thresholdvoltagedependfingonthepHdfifferenceacrossthe
membrane.7Therefisevfidencethatopenfingfiscausedbythe
outwardmovementofftheS4helfix,whfichharbors3conserved
argfinfines.8,9AsolutfionNMR structure10andthecrystal
structureoffachfimerabetweenthemouse homologue,a
phosphatase,andtheGCN4 leucfinezfipper11havebeen
determfined,butthenatfivephysfiologficalstructuresoffanyHv1
fintheclosedandopenstatesareunknown.
TheelectrophysfiologyoffHv1wasextensfivelycharacterfized
evenbefforefitsgenewasfidentfified.12Thesfinglechannel
conductancefis38ffSatfinternalpH6.5and140ffSatpH5.5.13

Theffunctfionoffthechannelwasffoundtobequfitetolerantto
mutatfions.14However,protonselectfivfitywaslost,andthe
channelbecameanfionselectfivewhenD112nearthemfiddleoff
theS1helfixwasmutatedtoaneutralresfidueorLys,whfichledto

theproposalthatD112fisthe“selectfivfityfilter”.15Movfingthe
Aspto116,butnototherlocatfions,mafintafined proton
selectfivfity.16AnEPRstudymeasuredthesolventaccessfibfilfity
offmanysfitesfinthemoleculeandffoundthatHv1fismuchmore
dynamficthanprevfiouslystudfiedVSDsandthatamodelbased
ontheCfionafintestfinalfis(cfi)VSDfisfinbestagreementwfiththe
data.17Onepofintoffcontentfionhasbeenwhetherproton
transportoccursvfiaGrotthusshoppfingalongwatermolecules
only18ortfitratfionoffprotefinsfidechafinsfisrequfired.19Theorfigfin
offthepHdependenceoffgatfingfisalsonotsettled,althoughthe
finvolvementoffspecfificresfidueshasbeenascertafined20and
plausfiblehypotheseshavebeenputfforth.7

MosttheoretficalstudfiesoffHv1finvolvedclassficalmolecular
dynamfics(MD)sfimulatfionsbasedonhomologymodelswfith
voltagesensorsastemplates.21−25Calculatfionofftheffreeenergy
profileoffH3O

+throughclosedandopenstatemodelssuggested
thatprotonatfionoffD112(treatedbytheEVBmethod)could
helpbypassthemajor electrostatficbarrfier.26QM/MM
sfimulatfionsobservedexcessprotonsprotonatfingdfifferent
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clustersoffAsp/Gluresfidues,andclassficalmetadynamfics
showedprotontransport,especfiallyfinthepresenceofftwo
protons.27DFTgeometryoptfimfizatfionsoffareducedmodelfina
dfielectrficcontfinuumffoundthattheprotonwasableto
protonateasalt-brfidgedAsp,28butotherfionswereexcluded.
Constant-pHMD studfieshaveattemptedtofidentfiffythe
resfiduesfinvolvedfinpHsensfing.29,30Onekeyfissuefisthe
magnfitudeoffthemovementofftheS4helfix;somemodelsoffthe
openstatehaveD112pafiredwfithR211(R3Dmodels),whfich
fimplfiesamovementofftwohelficalturns,21,25,31,32andothers
wfithR208(R2Dmodels),whfichfimplfiesamovementoffone
helficalturn.17,22,33Theclosedstatefisusuallymodeledwfitha
D112−R205saltbrfidge(R1D),butnotalways.23Thepafirfingoff
D112fisamafindfifferentfiatfingffeatureoffhomologymodels,but
therecanbeotherdfifferencesbetweenthem.
InthfisworkweuseanalgorfithmfforperfformfingclassficalMD
wfithprotonhoppfingbetweenwatersand/orprotefinsfide
chafins.34Weconsfiderffourmodelseachofftheclosedandopen
states.Avoltagebfiasfingfforcefisusedtodrfiveprotonsffromone
sfideoffthemembranetotheotherfinanaccessfiblesfimulatfion
tfime,andthepathsthattheprotontakesareexamfined.
Comparfisonbetweenthemodelsallowsustodrawsome
conclusfionsaboutthevalfidfityoffthemodelsandthemechanfism
offprotonconductfion.

■METHODS
Theffollowfingstructureswereconsfidered:theNMRstructureoff
Hv1findetergentmficelles10(NMR,pdbcode5OQK),the
alphaffold(AF2)predfictedstructureoffHv1(alphaffold.ebfi.ac.
uk/entry/Q96D96),thechfimerficmouse-phosphatasecrystal
structure11(chfim,pdbcode3WKV),theclosed(R1D)and
open(R3D)modelsoffHv1ffromGeragotelfisetal.25(gerCand
gerO,respectfively),anR2DmodelffortheopenstateoffHv135

(banh),andtwohomologymodelsoffHv1createdhere,one
basedonthecfiVSDopenstate,pdb4G7V36(cfiOP),andone
basedonthestructureoffthepaddle-chfimeraVSD37(2R9R).
Thelattertwoaremodelsofftheopenstateandwerecreated
usfingModeller.38Forthefirstone(R2D),weusedthe
alfignmentoffLfietal.,17andfforthesecond(R2/3D)the
alfignmentoffChamberlfinetal.23MostHv1systemsfincluded
resfidues88−230,except4G7V(98−218)and2R9R(93−220).
Thechfimerafincludedresfidues84−225,wfithmfissfingloopsbufilt
usfingtheSuperLooper2Websfite.39Ffigure1gfivesanovervfiew
offthe8startfingstructures.Controlsfimulatfionswerealsodone
wfiththepaddle-chfimeravoltagesensor,whfichfisahybrfidffrom
theKv1.2andKv2.1potassfiumchannels(pdb2R9R).37Weare
notawareoffelectrophysfiologyexperfimentsonthfisartfificfial
domafin,butthesfimfilarShakerK+VSDwasffoundnotto
conductprotons.40,41

Amembraneoff104POPClfipfidswasconstructedaroundthe
2R9Rhomologymodelusfingthecharmm-gufiserver42and
equfilfibratedusfingfitsstandardprotocol(fi.e.,threecyclesoff25ps
eachandthreecyclesoff50pseach,wfithgraduallydfimfinfishfing
harmonficrestrafintsonprotefinbackbone,sfidechafins,lfipfids,and
water,ffollowedby10nsunrestrafinedMD).Theothermodels
werefinsertedfintotheequfilfibrated2R9Rsystembyalfignfingand
replacfingtheprotefinandre-equfilfibratfing(energymfinfimfizatfion
ffor10000stepsandMDsfimulatfionffor200psusfingaharmonfic
restrafintoff1kcal/mol/Å2ffortheprotefin).Allsystemshad5858
TIP3Pwatermolecules,5chlorfidefions,and5protonatable
waters(except2R9Rwhfichhad20protonatablewaters,no
chlorfide,and5848TIP3P)finaboxoffabout62×62×85Å.The
netchargeofftheunfitcelldependsontheprotonatfionstatesand

thenumberoffprotonsandvarfiesbetween0and+3.Asmallnet
chargefintheunfitcelldoesnothavenotficeableeffectsonproton
transport.43Thecharmm36fforcefieldffortheprotefin44andthe
lfipfids45wasused.Thesfimulatfionswererunataconstant
temperatureoff303Kandaconstantpressureoff1barusfingthe
Nose-HooverandLangevfinpfistonmethods.Thetfimestepwas
2ffsandthevanderWaalscutoff12Å.PartficleMeshEwald46

wasusedfforlong-rangeelectrostatfics.Themembranefisparallel
tothexyplane.
Theexcessprotonwasmodeledasaclassficalhydronfium.47

Theprotonhoppfingsfimulatfionswerecarrfiedoutwfiththe
MOBHYmodule34offtheCHARMMpackage.48Every10steps,
anattemptfismadetomoveaprotonffromthecurrentH3O

+toa
watermoleculeoraprotefinsfidechafinthatfishydrogenbonded
tofit.WhenanattemptfismadetoprotonateaTIP3Pmolecule,
thelatterfisswfitchedwfithaprotonatablewater(fi.e.,onewfitha
dummythfirdhydrogen).Harmonficrestrafintswereusedtokeep
themembrane-protefinsystematthecenteroffthebox,the
protefinatacertafinpofintfinthexyplane,andtheprotonatable
watersfina5Åcylfinderaroundthechannelaxfisandwfithfin±34
Åffromthemembranecenter(topreventthemffromcrossfing
perfiodficboundarfies).Theprotonconcentratfionwfithfinthfis
cylfinderfisabout1M,therefforetheeffectfivepHfis∼0.
Toaccelerateprotontransportweusedvoltage,whfichwas
applfiedfina55Åwfideregfionacrossthemembrane49andffelt
onlybythehydronfium,theprotonatablewatermolecules,and
thetfitratablesfidechafins(otherwfisethemembranewouldbe
destabfilfizedbythehfighvoltageused).We confirmedthat
voltagedoesnotaffecttheconfformatfionandorfientatfionoffthe
shortAspsfidechafins(fitdfidaffectthelongerArgsfidechafins
whenevertheywerefincluded,notfintheresultsreportedhere).
WeonlyconsfideroutwardcurrentsbecausewfithfinwardpH
gradfientsthechannelfisclosed,50althoughtheopenchannel
conductsfinbothdfirectfions.Thevoltagewasempfirficallychosen
asthesmallestpossfiblethatallowsprotonconductfiontobe
observedoverthe0.5nsduratfionoffthesfimulatfions.The
duratfionoffthesfimulatfionswaskeptshortsoastolfimfitthe
varfianceoffthefirstpassagetfimesandallowstatfistfically
sfignfificantdfifferencestobeobserved(seetheSupportfing
Materfialoffreff43).Inthesfimulatfions,certafinsfidechafinswere
chosenastfitratable(usuallyD112andD185).Whetherasfide
chafinwfillprotonate/deprotonateornotdependsonthe

Ffigure1.Startfingstructuresoffthe8modelsconsfidered:(a)NMR,(b)
AF2,(c)chfim,(d)gerC,(e)gerO,(ff)banh,(g)cfiOP,and(h)2R9R.
ThethreeArg,D112,andD185arefinstfickrepresentatfion.
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empfirficalhoppfingthresholdsestablfishedfinbulkwater
sfimulatfions.34Thethresholdsusedhereare(finkcal/mol)20
fforhydronfium-watertransffer,24fforAsptowatertransffer,and
20fforwatertoAsp.
Thehydrogenbondfingconnectfivfitywascalculatedusfingthe
Brfidge2program,51whfichanalyzesMD trajectorfiesand
fidentfifiesH-bondfingconnectfionsbetweenprotefinresfidues.
Connectfivfitygraphsweregeneratedefitherffortheprotefinsfide
chafins,allowfingawaterbrfidgelengthoff5,orffortheporewaters.
Inthefformercase,thefirsttrajectoryat3Vwasusedasfinputffor
eachmodel.Inthelattercase,onlythefinfitfialstructurewasused
asfinputaffterdeletfingalllfipfidsandprotefinatomsaswellas
solventwfith|z|coordfinateslargerthan12Å.Thedeffaultcrfiterfia
wereusedfforanHbond(3.5Å,60°).

■RESULTS
Foreachmodel,twosetsofffiverunswereexecutedandreported
separatelytogfiveasenseoffthestatfistficaluncertafinty.Table1

reportsthenumberoffrunsoutofffivefinwhfichtheproton
crossesthechannel,fi.e.,attafinsazcoordfinateabove+20Å.In
theremafinfingruns,theprotonmaybefinthefinnervestfibule,fin
thecentralregfion,orfintheoutervestfibule.Thesedfifferences,
whficharealsofinfformatfiveonthepermeabfilfityoffthechannel,
arenotreportedfinTable1butdescrfibedfinthetext.Becausefit
wasofftenobservedthattheprotonwasstuckfinteractfingwfith
acfidficresfiduesfinthefinnervestfibule(e.g.,E153orE164,D171,
D174), addfitfionalrunsweredonewfiththeseresfidues
protonated(valuesfinparenthesesfinTable1).Thfisffully
protonatedstatefisusedasanextremecasescenarfiothatffavors
maxfimalconductance.Furthersystematficstudyfisneededto
elucfidatethefimpactoffeachofftheseresfiduesonconductance
togetherwfithestfimatesoffprotonatfion/deprotonatfionkfinetfics
(seeDfiscussfion).
TheNMRstructureoffatruncated80−226Hv1finLDAO/
DPCmfixedmficelleswasdetermfinedwfithZn2+,whfichfisknown
tostabfilfizetheclosedstate.10Thfisstructuredfifferssfignfificantly
ffromhomologymodels.Thehelficesarestrafightandparallel,and
thesfidechafinsarenotwellpackedfinthefinterfior.Especfially
F150,V109,V177,andV178,whficharethoughttofforma
“hydrophobficgasket”,35areveryffarffromeachother.The
posfitfionsoffthethreeArgresfiduescouldnotbeascertafinedwfith
confidencefintheexperfiments.R205fisclosebutnotsalt-brfidged

wfithD112andtheothertwoArgalsodonotfformsaltbrfidges.
Ourresultsconfirmthatthfisstructurefismorepermeable
comparedwfithothermodels.Outofftenrunsat3V,fintwothe
protoncrossesthechannelcompletely.Inthreeotherrunsfitgets
tothecentralregfionoffthechannel,andfintwomorefitgetsto
theoutervestfibule.ThepathofftheprotonrunsclosetoD185,
whfichfisprotonatedoncebutdeprotonatesrfightaway.At2V
theprotonffafilstoenterthefinnervestfibuleexceptfinoneoutoff
tenruns.
TheAF2predfictfionfissfimfilartohomologymodels.D112fis
salt-brfidgedwfithR205,andArg208belowfinteractswfithD185.
F150fispackedagafinstR208andfisclosetoV109butffarffrom
V177andV178.At3Vandmostoffthe5Vruns,theprotonfis
stuckbetweenD174andR211.ProtonatfingD174,D171,and
E164,theprotonmoveshfigher,butffurtherprogressfisblocked
byF150−R208.Oneofftenrunsat3Vshowstheprotonffully
crossfingthechannel.Rafisfingthevoltageto5Vallowedfiveoff
therunstocross.Inoneofftheseruns,D185getsprotonated
transfiently,andfintheotherffour,noprotonatfiontakesplace.In
ffouroffthenoncrossfingruns,theprotonfisffoundfinthecentral
regfion,andfinonetheprotonfisffoundfinthefinnervestfibule.
Thechfimeracrystalstructurefisunusualfinthatfitffeaturestwo
hydrophobficbarrfierswfithan8Åcavfitybetweenthem.The
lowerlayerfincludes(mousenumberfing,add4fforhumanHv1)
F146,L150,F178,andR204andtheupperlayerV112,L197,
L143,andL185.Itfisthoughttobefinanfintermedfiate-restfing
confformatfionandclosed,becauseoffthepresenceoffZn2+,and
hasD108betweenR1andR2.Itwasshowntobeproton-
selectfiveandvoltage-actfivatedbutwfithalteredcharacterfistfics
comparedtothewfild-typemousechannel.Runsat3Vshowthe
protonstuckatAsp/Gluresfiduesonthefintracellularsfide.
Protonatfionofftheseresfiduesallowscrossfingfinoneofftenruns.
At5Vsfixoffthetenrunsshowprotoncrossfing,andfintheother
ffourtheprotonendsupfinthecentralregfion,fintwooffthem
protonatfingD108orD181.
The“closed”structureoffGeragotelfisetal.25(gerC)was
obtafinedbystartfingffromahomologymodelbasedonthe
chfimeracrystalstructureandapplyfingnegatfive,hyperpolarfizfing
voltage.R205fissalt-brfidgedtobothD112andD185,andR208
fissalt-brfidgedtoE153.However,thestructureleavesqufiteabfit
offspacefforwaterandprotonstomovethrough.Indeed,tenruns
at3Vshowffourcompleteprotoncrossfings.Intheremafinfingsfix
runs,theprotonendsupfinthecentralregfionoroutervestfibule,
sometfimesprotonatfingD185andlessofftenD112.Intwooffthe
ffourcompletecrossfings,D185getsprotonatedtransfiently,and
fintheothertwo,noprotefinresfiduegetsprotonatedatall.At2V,
finoneofftenruns,theprotoncrossesthechannelcompletely,
andfintheremafinfingonesfitendsupatvarfiousplacesfinthe
channelfinterfior.
The“open”structureoffGeragotelfisetal.25(gerO)was
obtafinedbyapplyfingposfitfivevoltage.ItmatchesD112wfith
R211andsobelongstotheR3Dclass.Thfisstructurehassfimfilar
permeabfilfitytogerC.At3V,ffouroffthetenrunsshowcomplete
crossfing,andfintheremafinfingsfix,theprotonendsupfinthe
centralregfionoroutervestfibule.Evenat2Vmostrunsallowthe
H+togetfintothecentralregfion.Inthecrossfingtrajectorfies,
D112fistransfientlyprotonated,butthfisfisnotessentfialffor
conductfion.EscapeoutwardhappensaroundtheD112−R211
saltbrfidge(seebelow).
ThehomologymodeloffBanhetal.22,35belongstotheR2D
class,fi.e.,fithasD112salt-brfidgedtoR208.Thfisstructurefisless
easytocrossthantheR3DmodelabovebecauseR3fimposesan
extrabarrfiertotheproton.Onlywfithacfidficresfiduesprotonated

Table1.SummaryofftheSystemsandCondfitfionsStudfied
andResultsObtafineda

2V 3V 5V

NMR “closed” 0,0 1,1

AF2 “closed” 0,0(1,0) 2,1(2,3)

chfim “closed” 0,0(0,1) 1,2(3,3)

gerC “closed” 1,0 2,2

gerO “open” 0,0 2,2

banh “open” 0,0(1,0) 0,0(2,3)

cfiOP “open” 0,0(1,0) 0,1(4,4)

2R9R “open” 0,0(2,3) 2,2(5,5)

gerO/Na+ “open” 0,0 2,0

banh/Na+ “open” 0,0 0,0
aTheheadsoffthecolumnsgfivethebfiasfingvoltage.Thepurported
stateoffthechannelfisfindficatedfinthesecondcolumn.Thenumbers
findficatethenumberoffrunsoutofffivethatledtochannelcrossfingby
theproton(twosetsofffivewererun).Numbersfinparenthesesareffor
acfidficresfiduesfinthefinnervestfibuleprotonated.Allrunslasted0.5ns.
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doweobserveonecrossfingat3Vandfivecrossfingsat5Voutoff
10runs.Intheotherruns,theprotonstaysmostlybelowR3.In
thecrossfingtrajectorfies,D185 orD112 aretransfiently
protonatedornoprotonatfiontakesplace.
cfiOPfisanR2Dhomologymodelconstructedusfingcfi-VSD
openstateasatemplateandthealfignmentproposedbyLfiet
al.17Itfisverysfimfilartobanh,exceptR208finteractsmore
stronglywfithD185thanD112.AccordfingtoTable1,thfismodel
fissomewhatmorepermeablethanbanh.Wfithacfidficresfidues
protonated,8outoff10trajectorfiesshowcompletecrossfing,
mostoffthemwfithoutanyprotonatfion.At3Vonlyoneoutoff10
runsshowsprotonpermeatfionfinwhfichD112fistransfiently
protonated.
Thefinalmodelwasbufilton2R9Rusfingthealfignmentoff
Chamberlfinetal.23andmatchesD112wfithR2andR3.Thfis
modelexhfibfitsasomewhathfigherpermeabfilfitythantheother
R2Dopenstatemodels.
Toaddressthefissueofffionselectfivfity,weconsfideredNa+

conductfionfinthegerOandbanhmodels.ForgerOat3V,when
H+permeateseasfily,sodfiumgetsstuckefitherbelowtheE153−
R223saltbrfidgeorbelowtheD185−D112−R211trfiplet.At
hfighervoltage,however,fitdoesmanagetopushthroughfintwo
offthetenruns.Thebanhstructureshowslowerpermeabfilfityto
Na+,sfincenoconductfionwasobservedatefither3or5V.These
resultsarequalfitatfivelyconsfistentwfithprotonselectfivfity,but
quantfitatfiveconfirmatfionofftheexperfimental>106selectfivfity
fforH+vsNa+12fisnotpossfiblewfiththepresentapproach.
ObservfingnoNa+conductfionfinaffewshortrunsfisanecessary
butnotsuficfientcondfitfionfforagreementwfithexperfiment.
Asanegatfivecontrol,weperfformedsfimfilarsfimulatfionsonthe
paddle-chfimeravoltagesensor(pdb2R9R).Outofftenruns
eachat5and9V,onlyoneprotonconductfionwasobservedat9
V.TheprotonusuallygotstuckfinacavfityfformedbyE226,
R296,E183,andD220.
HowtheSaltBrfidgefisBypassedfintheR3DandR2D
Models.Intheresultspresentedabove,weofftenobserved
protonpermeatfionwfithouttfitratfionoffanyprotefinresfidue.Ina
subsetoffcrossfingruns,transfientprotonatfionoffefitherD112or
D185tookplace.We lookedatthemechanfismoffproton
permeatfionfinseveraltrajectorfiesandpresenthereasa
representatfiveexamplehowthecrossfingoffthemafinbarrfier,
fi.e.,theD112−Argsaltbrfidge,takesplacefinoneoffthegerO
runsat2V.Ffigure2showsffoursnapshotsffromthepofintwhen
crossfingaroundR211takesplace.InFfigure2a(step185K)the
H3O

+fisfinteractfingwfithD112.Betweensteps142and192K
manyattemptstoprotonateD112occur,butallarerejecteddue
toahfighenergygap.EvenfiffD112wasprotonated,fitwouldnot
beabletoshuttletheprotonbecausebothcarboxylficoxygens
arebelowR211.Atstep192.1Ktheprotonmovesawayffrom
D112(Ffigure2b)andat192.5Khfigherup(Ffigure2c).Atstep
195.6K,fitstartsfinteractfingwfithE119,whfichfisaboveR211.
ThesehopsaroundR211areafidedbythevoltage,whfichlowers
thehoppfingenergyfintheoutwarddfirectfion.
AllR2Dmodelsweconsfideredarelesspermeablethanthe
R3DmodelbecauseR3posesanaddfitfionalbarrfiertoaproton
movfingoutward.Welookedmorecloselyatthebanhstructures
at3Vwfiththeacfidficresfiduesprotonated.Inmostruns,the
protonremafinsbelowR3,nearorbelowD171(Ffigure3a).In
theonerunfinwhfichfitcrossesthechannel,fitfirstpassesR3
(Ffigure3b)andthenR2(Ffigure3c).Despfitemanyattempts,
D112getsprotonatedonlytransfiently,twfice,andthatdoesnot
helpconductfion.IntheendtheprotongoesaroundR2onthe
othersfide,betweenR2andD185,whfichfisatabout6Ådfistance.

D185doesnotgetprotonatedbuttheenergygapsarejustabove
thethreshold.Theseeventsarerepresentatfivefforallpermeatfion
eventsfinR2Dchannels.
HydrogenBondfingConnectfivfity.Protontransfferabfilfity

fiscommonlyjudgedbytheexfistenceoffahydrogen-bonded
chafinoffwatermoleculesandprotefinsfidechafins.Weusedthe
programBrfidge251tocreategraphsoffhydrogenbondnetworks
betweenprotefinsfidechafinsfintheefightmodelsconsfidered
(Ffigure4).Inthfisgraph,Hbondfingprotefinresfiduesare
representedbynodes.Anedgebetweentwonodesfisdepfictedfiff

Ffigure2.SnapshotsffrombypassfingR211−D112−D185fingerO;
H3O

+fisfincyan:(a)step185K;(b)step192.1K;(c)step192.5K;(d)
step195.6K.

Ffigure3.Snapshotsffromabanhcrossfingrun.H3O
+(fincyan)fisbelow

R211fin(a),bypassesR211fin(b),andbypassesR208fin(c).
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theresfiduesareconnectedby5watermoleculesorless.All

modelsshowaconstrfictfionnearthecrfitficalD112resfidue,but

therefisnolargedfifferencebetween“open”and“closed”models.

ItfisdfificulttoratfionalfizetheresultsfinTable1basedonthese

graphs.Forexample,lookfingatthegraphsfforgerC,gerO,and

cfiOP,fitwouldbedfificulttopredfictthatthelatterfismuchless

permeablethanthefirsttwo.

Ffigure4.Hydrogenbondconnectfivfitybetweenprotefinsfidechafinsfinthestartfingstructureoffthe8modelscalculatedusfingtheprogramBrfidge2.51

Thecolorfingfisbasedonthenumberoffedgesaroundeachnode(“degreecentralfity”).
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WealsocomputedHbondnetworksbetweenporewater

molecules(Ffigure5).Thesegraphsdoexhfibfitsomecorrelatfion

wfiththeffacfilfityoffH+transportbecausetheycorrelatewfith

hydratfion.Forexample,themostconnectedgraphfisfforgerO,

whfichfisalsothemostpermeable.Butthecorrelatfionfisnot

perffect.Forexample,theNMRstructurefisdfisconnected,butfit

fisveryeasfilypermeable.The2R9Rmodelfisverydfisconnected,

butfitfisslfightlymorepermeablethancfiOPwhfichfisconnected.

Ffigure5.Hydrogenbondconnectfivfitybetweenporewatersfinthestartfingstructureoffthe8modelscalculatedusfingtheprogramBrfidge2.51The
colorfingfisbasedonthenumberoffedgesaroundeachnode(“degreecentralfity”).
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Itshouldbenotedthatthesegraphsarefforthefinfitfialstructure
andtheremaybevarfiabfilfitydurfingthetrajectory.Apafiroffwater
moleculesthatfisnotHbondedfinonefframemaybecomeH
bondedfinadfifferentfframe.Averagfingoverfframesfisdfificult
becausethewatermoleculesexchangewfitheachother.

■DISCUSSION
Inthfiswork,weapplfiedanovelapproachtofinvestfigateproton
permeatfionpathsfinthehumanHv1protonchannel.Ituses
classficalsfimulatfionswfithperfiodficattemptstomoveaproton
alongHbondsandanempfirficalthreshold-basedcrfiterfionffor
acceptfingaprotonhop.Thfisapproachhastheadvantagesoff
fincludfingaprotonexplficfitlyfinthemodelfingandconsfiderfingthe
dynamficsandenergetficsoffprotonmovement. Themafin
dfisadvantagefisthattheapproachfisempfirficalandqualfitatfive.No
calculatfionoffconductancefismade fintheseruns,onlya
comparfisonbetweenmodelsatsfimfilarcondfitfions.Anartfificfially
strongbfiasfingfforcefisusedtoaccelerateprotonpermeatfionand
thatcoulddfistortthepathwaytheprotontakes.Thereffore,these
resultsshouldbevfiewedwfithcautfionandfideallyconfirmedby
morerfigorousmethods.Tosaywhetherachannelfisopenor
closed,weshouldcalculateprotontransportrates,fi.e.,fidentfiffy
thecrfitficalbarrfiersanddetermfinetheextenttowhfichtheyare
loweredbythebfiasfingfforce.Thfisfisadfificulttaskthatremafinsa
long-termgoal.Astepfinthatdfirectfionhasbeenmadefforsfide
chafinprotonatfionanddeprotonatfion.52

Despfite thelfimfitatfions,somejudgmentscanbemade
concernfingthevarfiousmodelsproposed.Somestructuresthat
wereproposedtobeclosedturnouttobemorepermeable,
accordfingtothepresentstudy,thanthepurportedlyopen
models.Forexample,theNMRstructurefinmficellesfistooeasfily
permeatedbyprotons.Thfisfisnotsurprfisfinggfiventheloose
packfingandthelackoffsaltbrfidgesfinthfisstructure.The
proposedclosedstructureoffGeragotelfisetal.25fisalsotoo
permeable.Thesameconclusfionwasreachedbylookfingatthe
poredfimensfions.53Perhapsthevoltagethatwasapplfiedfinthe
MDsfimulatfioncausedatransfientopenfingoffthestructure,
whfichthendfidnothaveenoughtfimetorelax.Concernfingthe
openstatemodels,wecansaffelysaythattheoneR3Dmodel
(gerO)fismuchmoreeasfilypermeablethantheseveralR2D
modelswehaveconsfidered.Tochoosebetweenthetwo,we
wouldneedefitheranestfimateofftheconfformatfionalffreeenergy
offthetwomodelsatagfivenvoltageoranestfimateoffthetfime
scaleoffpermeatfion.
AroughestfimateofftheexpectedtfimetocrossanopenHv1
channelcouldperhapsbemade byassumfingthatthe
experfimentalconductancesextrapolatelfinearlytoverylarge
voltages,thatourartfificfialvoltagebfiasfingfforceexertssfimfilar
effectsasthephysfiologficalvoltage,andthattheratelfimfitfingstep
fisfinthecrossfingoffthechannelratherthandfiffusfionalapproach
tofit.54Thelargestexperfimentalconductancecalculatedfis140ffS
atfinternalpH5.5.13Thfiscorrespondsto0.875×10−3protons/
nsV,or1.10μs/protonat1V,or220ns/protonat5V.Thus,
observfingprotoncrossfingsonthetfimescaleoff1nsfistooffast.
Fromthfispofintoffvfiew,theR2Dmodelsareclosertothe
expectedspeedofftranslocatfionthantheR3Dmodel,where
translocatfionwasffacfileevenwfithoutprotonatfingthefinner
vestfibuleAspresfidues.
OneoffthedebatesfintheHv1fieldfiswhetherproton
conductfiontakesplacevfiaawaterwfire18orbyshuttlfingthrough
theD112resfidue.19Therearecogentargumentsfinffavoroffboth
mechanfisms.Inthepresentsfimulatfions,wehavenotobserved
anycaseoffshuttlfingbytheD112resfidue.Mostattemptsto

protonateD112arerejected(fitfinteractscloselywfithanArg)
andevenwhenD112getsprotonatedfitdoesnotshuttlethe
protonbecausefinthepresentstructuresD112doesnotstraddle
theArg,butlfiesbelowfit.Instead,theprotonpassesaroundthe
Argthroughawaterwfire.Itshouldbenoted,offcourse,that
whetherprotonatfionwfilltakeplaceornotfinoursfimulatfions
dependsonenergygapthresholdsestablfishedbysfimulatfionsfin
bulkwater.34Thfisapproachcangfiveonlyaroughestfimate.The
conclusfionsneedtobeconfirmedbymoredetafiledcalculatfions
and/orquantummechanficalcalculatfions.Inthatregard,a
quantummechanficalstudyoffareducedsystemffoundthata
hydronfiumapproachfingaD-RsaltbrfidgewfillprotonatetheAsp
whereasadfifferentfionwfillberejected.28Althoughquantum
mechanficsfisclearlysuperfiortoclassficalmethods,thatquantum
mechanficalstudyalsohassomecaveats:fitneglectedtheprotefin
surroundfingsandhydratfingwater,whfichwouldstabfilfizethe
chargedspecfiesandkeeptheD112pKalow.AnormalpKaffor
D112wasffoundfinarecentconstantpHMDstudy.30Normal
pKaswerealsoffoundexperfimentallyfforaburfiedGlu-Argpafirfin
staphyloccocalnuclease.55

IffAspdoesnotneedtobeprotonated,whatfistheorfigfinoffthe
protonselectfivfitycomparedtoNa+?Weobservedthatshuttlfing
offtheprotonbyAspfisnotnecessarytoobtafinselectfivfity.
Grotthusshoppfingallowswatermoleculestotransfferaproton
wfithoutbefingatthetopoffaffreeenergybarrfierbutmerelyclose
enoughtoH-bondtoanotherwatermoleculeontheothersfide
offthebarrfier(about1.5Åffromthetopoffthebarrfier.Thfiscould
reducetheeffectfivebarrfiersfignfificantly(wecouldperhapsterm
thfiseffect“Grotthusstunnelfing”).Whetherthfisfisenoughto
explafintheobservedselectfivfityshouldbeaddressedwfithamore
quantfitatfiveanalysfis.
Anotherargumentfinffavorofftheshuttlfinghypothesfiswas
thatnowaterpermeabfilfityfisobserved.53However,fitfisnotclear
whetherwater-wfiretransportmustalwaysbeassocfiatedwfith
watermovement.Thfisfissueneedstobeffurtherfinvestfigatedfin
theffuture.Otherfinterestfingpossfibfilfitfiesfforffutureworkarethe
R205HmutantoffHv1,whfichwasffoundtoconductprotonsfin
therestfingstate,albefitatsubstantfiallylowerrates.32Proton
conductfionwasalsoobservedffortheR→Hmutantsoffvoltage
sensors56andfisthoughttooccurvfiaHfisshuttlfing.TheN214R−
R205Hdoublemutant,whfichexhfibfitsfinwardrectfificatfion,
wouldalsobefinterestfingtostudy,aswellastheHv1mutants
thatwereffoundtobeanfion-selectfive.15

AnEPRstudyffoundthatHv1fismuchmoredynamficthan
prevfiouslystudfiedVSDs.17Itfisthusapossfibfilfitythattheprotefin
samplesawfiderangeoffconfformatfions,onlysomeoffwhfich
allowprotonpermeatfion.Inthatcase,nosfinglestructurecan
representtheopenstateoffthechannel;finstead,oneshould
workwfithanensembleoffconfformatfions.Producfingsuchan
ensemble,efitherexperfimentallyorcomputatfionally,fisvery
challengfing.
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